Spontaneous combustion has become a critical limiting factor for the safe and efficient utilization of low rank coals. In this work, the alkali-oxygen oxidation (AOO) of Chinese Shengli lignite was conducted to inhibit the spontaneous combustion tendency, and the influences of AOO on the structures and combustion properties were investigated 
Introduction
World energy consumption increases constantly along with economic development, and coal will remain the primary energy source for a long time.
1,2 Clean and efficient utilization of coal is an important issue considering both environmental protection and the sustainable development of human society. [3] [4] [5] Coal is the primary energy source in China, and lowrank coals account for a large proportion of this energy source. 6 Therefore, the effective utilization of low-rank coals is crucial for sustainable development not only in China but also global areas. Lignite, as a representative of the low rank coals, is an important carbon resource around many areas in the world. Taking Shengli coaleld in Inner Mongolia, China as an example, the reserve of lignite is up to 24.2 billion tons. Therefore, the clean, efficient and safe utilization of lignite is of great signicance for the conversion of coal resources and energy supply.
Lignite has a complex structure and consists mainly of threedimensional macromolecular networks, various relatively small organic molecules, and inorganic materials. 7, 8 The contents of volatiles and oxygen-containing chemical groups are much higher compared with those of the high rank coals. [9] [10] [11] These structure features make the lignite suffer several defects during utilization, including high content of water and volatiles, low caloric value, the lower ignition temperature, and more prone to spontaneous combustion in air. 12 These disadvantages limit the utilization of lignite to some extent. During the industrial process, the reaction of lignite with oxygen may result in selfheating and subsequent spontaneous combustion in coalmines and stock piles, leading to serious safety problems and property losses. 13 Based on this background, studies on the inhibition of the spontaneous combustion of lignite becomes extremely important. Various factors can inuence the stability of lignite in air. It was reported that the side chains on the aromatic structures, the bridge bonds, and the low molecular weight organic components in coal structures have mediate to high chemical reactivity.
14, 15 The unique porous structures of the lignite also make it highly reactive and prone to be oxidized at the low temperatures and/or even spontaneously combustion. Shengli lignite, a typical low-rank coal in Inner Mongolia, China, has a high chemical reactivity due to the high contents of oxygen-containing groups in.
14 Therefore, the inherent composition and structure characteristics of lignite are the main reasons leading to spontaneous combustion.
Low temperature oxidation is the major source of the heat leading to spontaneous combustion of lignite. In order to inhibit the low temperature oxidation and reduce the spontaneous combustion tendency, various work have been reported. [16] [17] [18] Alkali treatment is one of the effective means to suppress spontaneous combustion, which can reduce the contents of organic matters in coal, especially oxygen functional group. Wang et al. 17 reported that coal oxidation at low temperatures (i.e. below 100 C) was a complicated process and involved four processes, oxygen transport to the surfaces of coal particles, chemical interaction between coal and O 2 , release of heat, and emission of gaseous products. Mukherjee et al.
19
found that the increase of alkali concentration and treatment time had negative effects on ash reduction due to formation and accumulation of insoluble sodium aluminosilicate. Nasir et al.
20
found that the alkali treatment could remove minerals or oxygen containing functional groups. Wijaya et al. 21 found that silicon aluminum salts in coal transformed into hydrosilicate and aluminosilicate composites aer the alkali treatment. Liu et al. 22 noticed that the ignition temperature, activation energy of lignite were changed by alkali treatment. Aer treatment with NaOH solutions with different concentrations, the combustion temperature of coal samples moved to high temperature zone. Feng et al. 23 indicated that at low alkali concentrations, NaOH reacted primarily with the acidic functional groups in lignite samples, and the changes in pore volume and adsorption water contents were not obvious. Çulfaz et al. 24 found that the alkali treatment could remove a lot of SiO 2 and CaO in Turkey's lowash lignite, but it could remove few Fe 2 O 3 and Na 2 O.
Alkali-oxygen oxidation (AOO) of coals to produce the highvalue benzene poly carboxylic acids (BPCAs) is a potential substitute for the petroleum route in the future. There are also some researches on the AOO of lignite for obtaining the valuable benzene carboxylic acids raw materials. [25] [26] [27] Wang et al.
28
have reported that the high-temperature operation can effectively improve the economy and efficiency of the BPCAs production process from AOO of bituminous coal. According to the above literature, the extraction rate of BPCAs from lignite is only about 20%, 25, 27 indicating that most of the organic carbon sources were still remained in the solid residues. However, fewer attentions are paid onto the solid residues, which may lead to a waste of resources and pollution of the environment. In fact, there are many valuable components in the solid residues, and it is a potential carbon resource aer the extraction of organic matters with low molecular weight via AOO. Thus, exploring the effect of the AOO process on the microcrystalline structure and reaction properties of the residues is a very important issue for the utilization of the solid residue and the understanding of the inhibition on the spontaneous combustion of lignite. At the same time, studying the structure and property change aer the AOO is benecial for broadening the applications of lignite and improving the utilization efficiency.
In this work, we introduce the AOO approach into the pretreatment of lignite, in order to reduce the spontaneous combustion tendency. The Shengli lignite in Chinese Inner Mongolia was chosen as the main research object, and different experimental temperatures during AOO process was systematically carried out. The structures of Shengli lignite treated with AOO were studied by the XRD, Raman, FTIR and XPS characterization techniques, and the combustion reaction performance of the samples were analyzed on the xed bed and thermogravimetric instrument.
Experimental section

Sample preparation
The lignite was sampled from Shengli coaleld in Inner Mongolia, China. The lignite was crushed and ground to ne powder with average sizes of 150-180 mm, followed by drying at 105 C Table 1 . Compared to the SL-Raw, the moisture and ash content of coal samples was increased by AOO treatment. The content of volatiles increased slightly for AOO samples at room temperature. When the AOO temperature increased, the content of volatiles decreased. And with the increase of AOO temperatures, the extent of the reduction was increased. The morphology and sodium content of lignite samples was observed using the SEM (model S-3400N) equipped with an energy-dispersive spectrometry (EDS) detector.
Raman spectra were recorded using Renishaw® inVia microscope Raman spectrometer with Nd-YAG laser source (532 nm). The laser power at the sample surface was controlled at 5 mW. The spectra were recorded in the range of 500 to 3500 cm
À1
. The FT-IR spectra of the samples were recorded at the range of 4000-500 cm À1 on Nicolet company infrared spectrometer NEXUS 6700 using the KBr pellet technique. The total number of scans were 50 with the resolution of 4 cm À1 .
X-ray photoelectron spectra were recorded in a Perkin Elmer PHI 5400 XPS ESCA system spectrometer with an Al-Ka X-ray exciting source and operated at 200 W. The calibration was carried out based on the main C1s peak at 284.6 eV.
29-31 Data analysis is conducted on the XPS soware (PEAK4.1).
Combustion properties and thermogravimetric analysis
The combustion experiment was carried out on a xed bed. The schematic diagram of the experimental device is shown in Fig. 1 . The experiment was performed as follows: lignite sample (50 mg) was doped in the quartz tube reactor. The air ow rate during the experiment was maintained at 30 mL min À1 and the temperature was increased from 20 to 900 C at a heating rate of 2 C min À1 . Gas chromatography (SP-6800 A) analysis was used to detect the generation of released gas. Thermal Gravimetric Analyzer (TGA) was performed using a Diamond 6300 TG/DTA analyzer. The experiment was performed as follows: lignite sample (15-20 mg) was placed at the bottom of an alumina crucible. The temperature was increased from 20 to 950 C at a heating rate of 10 C min
À1
, and the air ow rate during the experiment was maintained at 100 mL min À1 .
Results and discussion
X-ray diffraction
XRD is an important tool to analyze the crystal structure and has been widely used to investigate the physical structure of amorphous materials. Fig. 2 shows the X-ray diffraction patterns of the coal samples and the tting curves of SL-Raw. The proles of samples exhibited high background intensity, indicating that the coal contains a proportion of highly disordered materials in the form of amorphous carbon. The presence of the 002 peak at 20-30 was due to the spatial arrangement of the aromatic ring carbon network layer and the distance between the aromatic ring layers. 32 The strong peak shape of the g band could be attributed to the saturated structures of lipid and alicyclic chains, which illustrated the presence of the rich alicyclic structures in coal. The 100 peak at [43] [44] [45] is attributed to the condensation degree of the aromatic ring and the size of the aromatic carbon network layer. 33 Origin-lab 8.5 soware was used for "Gauss tting method" tting of the XRD patterns in the 2q region of ( Fig. 2(b) ). According to the Blagg and Scherrer equation, the microcrystal structure parameters of coal samples, [34] [35] [36] [37] including the interlayer space (d 002 ), the lateral size (La), the stacking height (Lc) and the degree of coalication (P), could be calculated. The peak positions, intensity, area and full width at half maxima (FWHM) obtained aer curve-tting of the (g), (002) and (100) bands, and the calculated structural parameters for all the samples were listed in Table 2 . It was shown that the interlayer spacing of each coal sample was greater than that of the pure graphite (0.336-0.337 nm), 35 indicating that the crystallinity of the coal samples are lower than the pure graphite. The stack thickness (Lc), aromatic layer size (La), number of aromatic layer (N) and the degree of coalication (P) increased due to AOO treatment. However, the interlayer spacing (d 002 ) aer AOO was lower than that of SLRaw. Thus, these results indicated that AOO treatment destroyed the degree of crystalline order of the coal. When AOO temperature was 150-200 C, the degree of coalication (P) came to the maximal value. It was shown that the crystal structure became more and more regular during the oxygen oxidation process. In addition, Fig. 2 shows the XRD pattern for the AOO coal samples at room temperature had an obvious peak of SiO 2 with the highest intense at 2q ¼ 26. 56 . Aer AOO treatment at 150-200 C, the intensity of the SiO 2 diffraction peak was greatly weakened, and a strong Na 2 SiO 3 diffraction peak appeared. When the AOO treatment temperature increased to 250-300 C, the Na 2 SiO 3 diffraction peak decreased, and 2q ¼ 24.23 (JCPDS 82-1574) of SiO 2 generated. SEM-EDS analysis results showed that different amounts of sodium existed on the surface of all AOO samples under the temperature range studied, with the lowest content for the AOO samples treated at 250-300 C. XRD patterns indicated that the sodium element existed in the form of sodium silicate for the AOO samples. These results indicated that the degree of crystalline order of the coal samples was increased aer AOO at different temperatures, especially at 150 and 200 C. It was speculated that the increase of the components with lower reactivity in coal samples leading to the increase of the degree of crystalline order of the coal samples.
Raman characterization
Raman spectroscopy analysis was performed in order to improve the understanding of the microcrystalline structure of coal samples treated by AOO at different temperatures. Fig. 3 showed that the Raman spectra of the coal samples and the tting curves of SL-Raw. All the curves exhibited two broad and overlapping peaks with maximal intensity at 1340-1380 cm
À1
and 1580-1600 cm À1 which corresponded to the D and G bands of disordered graphite, respectively. 38 D peak and G peak represented the defect peak in coal (usually caused by the defects in the plane and the vibration of the impurity atoms) and the large aromatic ring structure in coal. Raman spectra in the range between 800-1800 cm À1 were curve-tted with the Origin 8.5 soware using 9 Gaussian bands. 39, 40 An example of Raman spectral curve tting was shown in Fig. 3(b) . The related results were given in Table 3 .
The I D /I G ratio represents the surface defect degree (disordered carbon at the edge part) of the coal graphite.
41-43 A decrease in the I D /I G ratio normally occur with the increase of the degree of graphitization. For the chars studied, the I D /I G ratios decreased aer the AOO treatment at different temperatures. Especially, the I D /I G value came to the lowest value when the temperature of AOO was in the range of 150-200 C. This result indicated that the defect level in the coal samples treated by AOO at different temperatures decreased, and the proportion of the lattice defect structure also decreased. When the temperature of AOO increased to 250-300 C, the degree of defect of coal samples increased, which was consistent with the results of XRD characterization. The S bands represented sp 3 -rich structures such as alkyl-aryl C-C structures and methyl carbon dangling to an aromatic ring. 44 The I S /I G ratio decreased aer the AOO treatment at different temperatures. Aer the treatment of AOO, the contents of the side chains on the aromatic nucleus decreased, and it came to the lowest value when the temperature of AOO fell in the range of 150-200 C. The higher value of I GL /I G ratio indicated higher content of carbonyl groups. Aer the treatment of AOO, the content of carbonyl groups decreased, indicating that certain substances containing -COOH groups were exfoliated into the solution. The G R , V L and V R bands, i.e. the 'overlap' between the G and D bands, represented the typical structures in amorphous carbon materials, particularly the relatively small aromatic ring systems having 3-5 benzene rings. The higher value of I D /I (G R +V R +V L ) ratio indicated the lower content of -CH 3 and -CH 2 connected directly with benzene rings. The data in Table 3 showed that the content of -CH 3 and -CH 2 linked with aromatic rings was reduced by the AOO treatment. These results showed that the number of aliphatic side chains on aromatic nuclear and the contents of carbonyl groups decreased, and the degree of crystalline order of the coal samples increased aer AOO at different temperatures, and the contents of the components with high reactivity decreased, which was more obvious for the samples of SL-150 and SL-200. 
FT-IR spectra
The change of the functional groups in the process of AOO treatment can be detected by the change of infrared spectrum. Fig. 4 shows the FTIR spectrum of SL-Raw coal and AOO treated coal samples at different temperatures. The results showed that AOO at room temperature had no obvious inuences on the functional groups, but AOO at higher temperatures had a signicant effect on the functional groups. The FT-IR spectra of all the samples exhibited a broad absorption band between 3800 cm À1 and 3200 cm À1 due to -OH and -NH groups. 35 The bands at ca. 2925 cm À1 and 2848 cm À1 were attributed to the cycloalkanes or aliphatic -CH 3 and -CH 2 asymmetric and symmetric stretching vibration. 45 Aer the AOO at different temperatures (150-300 C), the absorption peak of 2925 cm À1 , 2848 cm À1 decreased. Especially, the peak was almost disappeared for the samples of SL-150 and SL-200. When the temperature of AOO treatment rised to 250-300 C, the absorption peak of 2925 cm À1 and 2848 cm À1 appeared again.
The results showed that the content of aliphatic side chain was reduced by AOO, and it came to the lowest value for the samples of the SL-150 and SL-200. The band at ca. 1700 cm À1 was attributed to the carbonyl (C]O) stretching vibration, and it was generally believed that the absorption was caused by -COOH. 46 The weak absorption peak can be seen in SL-Raw and SL-RT coal samples. And the peaks were almost invisible for the AOO coal samples at higher temperatures. It was found that the humic acids and other carboxyl compounds in coal could be removed by AOO treatment at high temperatures. 47 The broad absorption band around 1600 cm À1 and 1580 cm À1 could be assigned to the stretching vibration of C]C bonds in aromatic structure. 48 The deformation vibration of C-H in aliphatic hydrocarbon at 1454 cm À1 disappeared with AOO treatment at 150-200 C. The SL-Raw coals exhibited prominent bands in the 1030 cm À1 and 1100 cm À1 region due to Si-O-Si and Si-O-C stretching vibration. 49 Aer AOO treatment at room temperature, the peak had no obvious change. However, the two peaks were weakened in the coal samples of AOO at 150-200 C, but appeared again in the AOO coal samples at 250-300 C. It showed that the AOO coal samples at room temperature had little effect on the SiO 2 in minerals. When the temperature of AOO was improved to 150-200 C, the peaks at 1100 cm À1 and 1030 cm À1 corresponding to SiO 2 were weakened, which may result from the reaction between SiO 2 and NaOH to generate Na 2 SiO 3 . When the temperature rose to 250-300 C, the sodium silicate hydrolysis reaction maybe occur (Na 2 SiO 3 + 2H 2 content of the aliphatic side chains decreased to the lowest level, and the carboxyl groups nearly disappeared, which proved further that the components with high reactivity decreased for the samples treated by AOO among 150-200 C.
X-ray photoelectron spectroscopy
X-ray photoelectron spectroscopy (XPS) is an important tool to analyze the coal structure and has been widely used to investigate the surface structure of coal. [50] [51] [52] [53] Fig . 5 shows the XPS C1s spectra of SL-Raw and AOO samples treated at different temperatures. In order to obtain better insight into the effects of AOO on the coal samples, curve tting was performed using XPSPEAK4.1 soware. The C1s spectra demonstrated the presence of ve carbon species on the surface of coal samples, which were aromatic units with their alkyl substituent groups (C-C/C-H, 284.6 eV), vacancy defects on functional groups (C*-C*, 285.3 eV), hydroxyl or ether group (C-O-, 286.3 eV), carbonyl (C]O, 287.6 eV), and carboxyl (COO-, 289.1 eV), respectively. 30, 31, 54, 55 Table 4 summarized the relative amounts of different C species on lignite surface.
The dominant component of all the samples studied was the carbon in C-C and C-H bonds. The contents of C-C/C-H had no obvious change aer AOO, indicating that the AOO treatment did not alter the coal surface structure of benzene ring. However, the content of vacancy defect C*-C* decreased. The lowest amount of such groups was observed in the AOO coal samples treated at 150-200 C, which was consistent with the results of Raman. The contents of C-O-in samples treated by AOO were higher than that of SL-Raw, indicating that the cycloalkanes or aliphatic -CH 3 and -CH 2 side chain was oxidized due to AOO treatment. The content of COO-decreased aer AOO treatment, especially for the coal samples SL-150 and SL-200, which may be attributed to the removal of humic acids and other acids from the coal samples in the process of AOO. XPS results further revealed that the benzene skeleton structures on the surface of coal samples had no obvious change aer AOO at different temperatures. The samples treated by AOO within the temperature range of 150-200 C gave the lowest content of carboxyl groups, while the content of C-O structure with better stability was relatively higher than that of other samples.
Combustion reaction performance
Fig . 6 shows the comparison of the results the xed bed combustion and thermogravimetric analysis of SL-Raw and AOO samples at different temperatures. As shown in Fig. 6(a) , when the raw coal was burned in the air, a large amount of CO 2 generated at about 340 C. The temperature had different effects on combustion reaction parameters of coal samples. The temperatures of CO 2 release appeared at 200 C and 640 C for SL-RT, and the peak intensity of the 640 C was much greater than that of 200 C peak, which indicated that the CO 2 was mainly generated at about 640 C of SL-RT. The temperatures of CO 2 release moved to the higher temperature range of 760-770 C when the AOO was conducted within the temperature range of 150-200 C, and there were only one CO 2 generation peak. When the AOO temperature was increased to 250-300 C, the temperatures of CO 2 release was decreased, and there were three CO 2 generation peaks. The above experimental results showed that the temperature of the coal sample combustion to generate CO 2 increased aer the AOO treatment. The experimental results showed that AOO had an inerting or inhibiting effect on the combustion of lignite, and the inerting extent varied with the temperatures of AOO. With the AOO temperature ranging from room temperature to 200 C, the inerting effect of lignite increased obviously. But when the AOO temperature increased to 250 C, the inerting effect became weaker.
TG curves in Fig. 6(b) showed that the weight loss for all coal samples mainly appeared at 300 C, and the weight loss rate of raw coal was higher than that of other AOO samples. All the AOO treatment at different temperatures could slow down the weight loss rate of coal samples, and there were two obvious weight loss processes for AOO coal samples in range of 400-500 C and 700-800 C, respectively. When AOO was conducted within the temperature range of 150-200 C, the samples obtained gave the slowest rate of weight loss before 750 C, and the main combustion peak moved to the high temperature range (Fig. 6(c) ), existing a hysteresis on combustion. These results indicated that the AOO treatment within the temperature range of 150-200 C could denitely decrease chemical oxidation reactivity of the coal samples, resulting in the increasing of combustion temperatures and decreasing in spontaneous combustion tendency. Fig. 6(d) showed that the experimental results on combustion in xed bed were consistent with those of thermogravimetric analysis. The ignition temperature can evaluate the spontaneous combustion tendency of the coal samples directly. Therefore, the ignition temperature of different coal samples were calculated using TG-DTG method. 2, 56 The ignition temperature of raw coal was 310 C, and the value increased to 406 C for SL-RT sample. The ignition temperature of AOO samples moved from 310 C for raw coal to 740-760 C when the AOO was conducted within the range of 150-200 C. When the AOO temperatures fell into the range of 250-300 C, the ignition temperature decreased to 410-440 C, which was still higher than that of raw coal and SL-RT.
Conclusion
The effects of AOO temperature on the microcrystalline structure and combustion properties of coal samples were 
